Evolution must explain ecology
(and vice versa)

Viral-host systems are a great place to look for the
math that is biology because the numbers are large
& (recently) observable.

total number of virions on Earth ~103!
estimated population size of one viral gene ~10%4
number of viral species >108

In the last minute, 1-10 million metric tons
of microbes were blown to bits by viruses...

Evol/Ecology Roles of Viruses/Phage

* Most common predator on the planet
~107 phage ml-! vs. ~10-1% great white sharks ml-!

* Major players in global C cycling
- increase respiration
- decrease primary production

Transduction and lysogenic conversion
- 10?5-1028 base pairs of DNA per year in the oceans
- Vibrio cholerae
- moving DNA
* Increase microbial diversity
- "kill-the-winner” & Red Queen




About 10 virus-like particles (VLPs) per
microbial cell in all ecosystems

- most are phage that kill Bacteria-

Capture microbes and
VLPs on 0.02 Anodisc

l

Stain with SYBR-6old

!

Count with epifluorescent
microscope

Predators control microbial abundance

rw Big predators

Herbivores

Dissolved Organic Carbonw

Phage/Viruses

Heterotrophic Bacteria

10 viruses per cell in all ecosystems
~103! viruses on the planet




Why 1 million microbes per mi?

Microbes are obligate osmotrophs
- they must "drink" their food from a dissolved phase

In the ocean, most of the food is

contained in the Dissolved Organic Matter
(DOM) phase

- heterotrophic microbes are eating DOM
- DOM is not generally used by other organisms

DOM consists of both nutrients and energy

There is enough DOM that microbial
communities are not limited by energy

- individuals within the community may be energy
or nutrient limited!

Marine microbial population sizes
are relatively constant over time

Filter Removes

GF/F large Eukaryotes
0.45 ym nanoflagellates
0.2 um most bacteria
0.02 ym viruses

100 ml GF/F + 3 ml GF/F ZZEI‘SZI'

s 1.E#05 -

. . 1,E+04 +----
Count mlf:robes, viruses, e

and protists every 24 18402
hl"S 1.E401

1.E+00

Adapted from Wilcox & Fuhrman (1994) Mar Ecol Prog Ser




Marine microbial population sizes
increase if predators are removed

Filter Removes

GF/F large Eukaryotes
0.45 ym nanoflagellates
0.2 um most bacteria
0.02 ym viruses

100 ml 0.02 pm + 3 ml 0.45 pm
'

Count microbes, viruses,

and protists every 24

hrs protists T —

Zhours

Why do viruses in the inoculum not “catch up" to microbial community?

Protists alone can control
microbial populations

Filter Removes

GF/F large Eukaryotes
0.45 um nanoflagellates
0.2 um most bacteria
0.02 ym viruses

100 ml 0.02 pm + 3 ml GF/F pm
¥

Count microbes, viruses,
and protists every 24 hrs




Viruses alone can control
microbial populations

Filter Removes

GF/F large Eukaryotes
0.45 um nanoflagellates
0.2 um most bacteria
0.02 um viruses

100 ml 0.2 pm + 3 ml 0.45 um
¥

Count microbes, viruses,
and protists every 24
hrs

Viral lysis produces more DOM

- feeds other microbes




Calorimetry of marine microbial communities

FOOD = 19 ml of 0.02 um filtered seawater (DOM)

+

INNOCULUM = 1 ml of 0.45 pum filtered seawater (microbes
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Ecological Roles of Marine Phage

* Most common predator in the ocean
~107 phage ml-! vs. ~10-1% great white sharks mi-!

* Major players in global C cycling
- increase respiration
- decrease primary production

Transduction and lysogenic conversion

- 10?5-1028 base pairs of DNA per year in the oceans
- Vibrio cholerae
- moving DNA

* Increase microbial diversity
- "kill-the-winner” versus "rich-get-richer"




Metagenomics of viral communities
Filter to remove microbes

|
Concentrate using a 100 kD TFF

|
Purify viruses using DNase, RNase, & CsCl

Extract viral DNA
| |
Linker-Amplified Shotgun e
Libraries (LASLs) G‘:"““"’“'

|

Sanger sequencing 454 Pyrosequencing

Breitbart et al., (2002, 2003, 2004, Angly et al., (2006) "Oceanic

2005) Marine, sediment, fecal & blood virome" PLoS.

viruses Rodriguez et al. (2010) ISME.
& about 20 other papers

Most uncultured viral sequences are
"Unknowns"

metagenomic
fragments tblastx - 22%

against NR |

"known" E<0.001

Viromes represent the largest region of
unexplored sequence space on Earth




Siphophage are the most successful
genome arrangement on the planet

Unclassified

Viral community structure from
metagenomes

Vietagenome Metagenome 2

N

Metagenomic
genotype or
"species"

* |.| I o

[16 3 0 0 0...]
v
PHACCS predictions of community structure

The more overlaps, the lower the diversity of

the community
Breitbart et al., (2002) "Marine viral metagenomes" PNAS. 99:14250-14255.




Viral diversity is the highest ever observed
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Kill-the-Winner/Lotka Volterra dynamics

Bacteria and viruses per ml

[
Bacteria 1 | \ 7

9 g
viruses

Total
Bacterla Vi

irus 1
f

\ f\
\
Bacter&n 2"- \“Virus 2 Virus &

s V) % Bacteria3 .

Viruses attack specific strains of cells

Need time series data in the "same” ecosystem
(i.e., stable geochemistry)

Freshwater
aquaculture pond
- 4 time points

Beltran
Brito

|
San Diego Bay
.solar saltern system

time jpoints ‘ %)
. | Medium salif
-9 fime pg

- >
Rodri (L R
o B
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Metagenomes of VLPs and microbes

Microbial fraction (100 - 0.45/0.2 microns size range)

- Bacteria, Archaea, small protists, some viral-like particles

Viral fraction (0.2 micron - 100 kD size range; CsCl)
- mostly viruses and phage
Extract DNA

Pryosequencing by 454 Life Sciences
N\

3.3 million reads

TBLASTX vs.
microbial

enomes N
9 [ Rank-abundance of

Microbiome ’ } ’ ’ sequenced microbial g ™
L ) genomes Time series of
v © TBLASTX vs J community
Phage - 9 } structure.
' "\ Proteomic Tree Rank-abundance of ~

Y
sequenced phage [ Patterns of phage
genomes in the PPT ) > ’ } } genome distribution
} PHY-FI across time and
UNIFRAC |__ environments

Virome

Al Average(Si)>Average(all] Average(Si)>2Averagefall)

In the same environment
the dominant microbial
and viral taxa are stable
over time

Microbes

Phages

viromes and
microbiomes from
different ponds at

various times

Microbes

Phages

tblastx against
database of complete
genomes

y

relative abundance

Microbes

High Salinity

top hits used to
calculate relative

Phages

abundances

time points
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Each environment has an unique viral (&

microbial) community
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Phage Proteomic Tree

viromes from tblastx against assign taxonomy

different ponds at == database of complete == based on top hit

various times phage genomes & plot relative
abundance on PPT

Metabolic potential is stable over time
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At level of tblastx and blastx, microbial

and viral communities appear stable over
time..what happens at population levels?

etagenome Metagenome 2
¥ L Metagenomic
1-contig{ —— ——— genofy e by
= = assemblies
2-contig{——-_—— e —
_ = 99% identity over
3-cont|g{ 335 bpS
] v 4
Contig 11 4100.] [16 300 0..]
Spectum + v

PHACCS predictions of community structure
The more overlaps, the lower the diversity
of the Communify Breitbart et al. (2002) PNAS

Maxiphi - How many genotypes are shared

between metagenomes?

Metage e2

3

I
(I

Environment 1

4]
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== Math S

Mixed contig i e ——— l =
spectrum — M =
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rank rank
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Angly et al. PLoS 2006
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Dynamics at genotype level: there is complete change

over of viral communities at different times
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Rapid turn over of phage genotypes is the rule for all 4
ecosystems
Nov 10 Nov 11 Nov 16 Nov 20

20 40 60 80 100 20406080100 204060801 204060801
0

9 @

204060 80 1

Q

a
20406080 1

053540 60 83 100
00—

L 1

[ gy ]
80 | ~ |
60 t=| & A ] 0
40 :_ ‘. : | {

20

| | | U
00 20 40 60 80 100 204060 80 10

(!

? :

60
e

GJ 00,
A
4]
e
7]
=S

O
<
o
a
>

+

£

©
W
£
=

O
(\V]

=

\_ 053670760780 100 0 20 40 60 80 100 0 20 40 60 80 100 020406080100 20 4060 80 100

Viral genotypes % permutted —3»




abunaances

How does this work?

We know what to expect in a particular
environment,

Different times in Salterns...

Predictive power of metagenomes ...

Prochlorococcus & SAR11 in the open ocean...
Seasonal cycling of taxa...

but the viruses should be wnpmg the dominant
microbes out..

- Phage attack
ey specific
microbes

Kill-the-Winner

Bacteria and viruses per ml

Rapid change over of closely related viral and
microbial strains

Total number of each microbial & phage taxa

’_--' ve® e 2
Green Spp\ ransee Lositeet tte.,
.............................

strains &
genotypes

Evolutionary model that
predator-prey pairs need to
constantly adapt to each other

Should be able to see this

at The Ievel Of The "The Red Queen has to run faster and faster
genomes... in order to keep still where she is. That is
exactly what you all are doing!"
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Sludge metagenomics

Sludge bioreactors enriched in a single bacterial
species Candidatus Accumulibacter phosphatis (CAP)

Microbial metagenomes from Australia (OZ) & USA
Viral metagenome from USA

The CAP "genomes" from OZ and USA were 96-97%
identical

Differences between the CAP strains in OZ and
USA metagenomes are responses to predation

A) Phage Attachment - EPS is different in OZ and USA
B) Anti-phage CRISPR elements

nicrobomes from OZ
and USA sludge
ponds

.

bla's'rn R o e
comparisons to =] ¢ @ia

..CAP g'enome” - i B Y p oD
recruitment fa=]] __acua

' a2 .. CRISPRs are
identify regions of e s 2o und in viral

variation (e.g., c
deletions, e me‘tagenome

substitutions, etc)

N ie N
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a ondidatus Pelagibacter ubique str. HTCCI062 (1.308,759 bp)

Primary defenses
against predation

),

ar‘e eVidenT a" U:’:r.ad;u;De’.;;..haw:t.:vut.qﬁslr HTCCI002 (1,367,604 bp)
environments T
analyzed. ..

Similarity (%

Sin

Green=Pili o mm M
Red=0 antigen in LPS ' “
Purple=large proteins [ et e
Blue=EPS | m
Grey=transmembrane

i 1 1

Aero ydrophila
subsp. hydrophila ATCC 7966 (4744388 bp)

812 (2.434.368 bp)

* T E i}
1Kl ‘)'iﬁ‘i ‘M

Salinibacter ruber str. DSM 13855 (3551823bp)  Haloguadratum walsbyi str. DSM

790 (3132494

str. MIT9301 (1.641.819 bp)

Roseophage SIO1-like Isolates
- cultured on Roseobacter SIO67
- selected by PCR and sequencening over ~600 bp

05-2001
SERSIO67-2001
SI01-1089
SK01-2001

MEB-2001

12 years between collections (100's of generations)
50 kilometers between sites

Resequenced 5 genomes using overlapping PCR products
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Comparison of Roseophage SIO1-like genomes

2000 4000 6000 8000 10000 12000 14000 16000 18000 2.000 22000 ZW 26000 28000 30009 32000 34000 36000 38000 bp

Roseophage MB-2001

Roseophage 0S-2001

Roseophage SBRSIOE7- 2001

Similarity percent (0 - 100%)

Unsequenced inverted ThyX n'm"ulﬂ.‘)“ﬁ pm" Pun(lvumll protein

repeat region

Identity between SIO1-like genomes were 96-99%
No rearrangements

Most changes in coding regions

Purifying selection indicated by dS/dN ratios

Tail fiber protein is most variable ORF...
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